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Description 

Method of Forming Thin Silicone Oxide 
Films on Silicon Carbide Substrates 

Background of Invention 
[0001] CROSS-REFERENCE TO RELATED DISCLOSURE 

[0002] This disclosure claims priority from a provisional applica- 
tion entitled "Method of Forming Thin Silicon Films on Sil- 
icon Carbide Substrates, "filed October 11, 2002 by the 
present inventor and bearing application number 
60/319607. 

[0003] FIELD OF THE INVENTION 

[0004] jhjs invention relates to growing thin films on silicon car- 
bide substrates. 
[0005] BACKGROUND OF THE INVENTION 

[0006] Metal-oxide-semiconductor are structures which include 
a silicon-carbide(SiC) substrate and an oxide film grown 
on the silicon-carbide (SiC) substrate. MOS diodes, MOS- 
FETs and MOSICs are formed on a silicon carbide sub- 



strate and used in the art. 

[0007] Silicon Carbide (SiC) tal<es various l<inds of crystal struc- 
tures (referred to as polytype), and has a band gap be- 
tween 2.4 eV and 3.3 eV depending on the crystal struc- 
ture. The silicon carbide is thermally, chemically and 
physically stable, and resistant to high-energy particle ra- 
diation. Accordingly, silicon carbide (SiC) is favorable for 
the semiconductor material of, for example, a high tem- 
perature operating device, a high power device, a high re- 
liability semiconductor device and a radiation resistant 
device. The silicon carbide (SiC) is also known to be free 
from certain problems related to pollution and resources. 

[0008] It is difficult to effectively form an oxide layer on a SiC 

semiconductor. Where conventional silicon material ther- 
mal oxidation methods are employed to form the oxide 
layer, the oxidation rate is very slow, and a sharp bound- 
ary is not formed between the oxide layer and the SiC 
substrate. 

[0009] Thin films of silicon dioxide are conventionally grown on 
silicon carbide (SiC) substrates at atmospheric pressure in 
a chemical ambient containing water vapor or other oxi- 
dant species at temperatures in the range of 1,000°C to 
1200^. The film growth rate is slower than that for single 



crystal silicon by at least a factor of 10. In addition, fol- 
lowing the oxidation process an additional many time 
consuming (3-4 hour) wet ambient process is performed 
at QSCC (considered below the temperature at which ap- 
preciable oxide would form on SIC) to improve the inter- 
face quality between the oxide and the silicon carbide 
substrate. The process produces carbonaceous clusters up 
to tens of nanometers in height that are formed as a re- 
sult of the thermal oxidation of the silicon carbide single 
crystal. 

[0010] Atmospheric oxidation in dry requires 14 hours at 
IjOSO'C to grow 200A of film on SiC and 4 hours in wet 
ambient at the same temperature produces 200A. 

[0011] At atmosphere and aggressive pyrogenic steam ambient 
(steam formed by reacting with at T>700''C) SiC ox- 
idizes slowly and only at temperatures above roughly 
IjOOO'C. Under comparable conditions single crystal sili- 
con oxidizes at a rate at least lOx faster. Forming silicon 
thin films at a lower temperature and with less time will 
be beneficial. 

[00^2] In summary, silicon carbide oxides are slow to form and 

require temperatures above 1,000°C. 
[0013] What is needed, then, is an improved method for effec- 



lively forming an oxide layer on a SiC semiconductor. The 
improved method should yield a faster oxidation rate and 
a sharp boundary between the oxide layer and the SiC 
substrate. 

[0014] However, in view of the prior art considered as a whole at 
the time the present invention was made, it was not obvi- 
ous to those of ordinary skill in this art how the identified 

needs could be met. 
Summary of Invention 

[0015] The long-standing but heretofore unfilled need for an im- 
proved method for forming an oxide layer on a SiC con- 
ductor is now fulfilled by a new, useful, and non-obvious 
invention. 

[0016] In this vacuum furnace process, neutral atomic and ex- 
cited molecular species are generated in a clean mi- 
crowave plasma source and then flow to the furnace re- 
gion of the apparatus where they react with the SiC sub- 
strates at a prescribed temperature. 

[0017] Oxidation at sub-atmospheric pressure in the flowing af- 
terglow of a microwave plasma discharge at temperatures 
below 1000^ produce comparable films in thickness to 
prior art in less time. Further, the thickness of film on the 
silicon carbide substrates is comparable to film thickness 



values obtained for single crystal silicon processed at the 
same time in the same afterglow thermal chamber. 
[0018] The afterglow process method grows films faster than 

achievable at atmospheric pressure and at lower tempera- 
tures. Presumably this is due to the afterglow chemistry 
since the number density of reactants is ~1,000 smaller 
and the temperatures are ~200C lower than the current 
art. 

[0019] Additionally, with the afterglow method oxide films nearly 
700A thick have been grown at 1,100°C in one hour at 1 
Torr, a rate three times greater than has been known at 
the same temperature in conventional steam processes. 
Therefore, the reactivity of the afterglow species with SiC 
is orders of magnitude higher than that of steam reacting 
at atmosphere. 

[0020] More particularly, this novel method of forming thin sili- 
con oxide film includes the steps of providing a silicon 
carbide substrate, passing an oxidizing gas through an 
oscillating radio frequency electric field so that the gas 
achieves an excited state of energy, and permitting the 
excited gas to contact the substrate. The inductive field 
may be created by using an afterglow thermal reactor or a 
microwave cavity. The oxidizing gas is selected from the 



group consisting of molecular oxygen, atomic oxygen, 
excited molecular (singlet delta g state), and nitrogen 
oxides. Moreover, the oxidizing gas is maintained at a 
temperature range between GOO'C to IZOO'C and at a 
pressure less than 50 torr. The pressure is maintained us- 
ing a vacuum pump. The silicon substrate is silicon or sili- 
con carbide and is secured onto a heated zone. 
[0021] A further method of forming thin silicon oxide film in- 
cludes the steps of providing a silicon substrate within a 
tube, passing an oxidizing gas through an oscillating ra- 
dio frequency electric field so that the gas achieves an ex- 
cited state of energy, and permitting the excited gas to 
contact the substrate. The tube is maintained at a temper- 
ature between 600°C to 1,200°C and at a pressure less 
than 50 torr. 

[0022] Another method of forming thin silicon oxide film in- 
cludes the steps of providing a silicon substrate within a 
tube so that the tube is in contact with a furnace and is 
connected to a pump. An oxidizing gas is passed through 
an afterglow thermal reactor so that the gas achieves an 
excited state of energy. Additionally, a secondary gas was 
added to the flow of excited gas or the plasma in order to 
enhance the production of ground state oxygen, before 



contacting the substrate. The excited gas then is permit- 
ted to contact the substrate within the tube. The tube is 
maintained at a temperature between GOOX to l.ZOCC 

and at a pressure less than 50 torr. 
Brief Description of Drawings 

[0023] For a fuller understanding of the nature and objects of the 
invention, reference should be made to the following de- 
tailed description, taken in connection with the accompa- 
nying drawings, in which: 

[0024] FIG. 1 is a schematic diagram of the present invention; 
and 

[0025] FIG. 2 is a sectional view of silicon carbide substrate with 

a thin film of silicon oxide. 
Detailed Description 

[0026] Referring now to Fig. 1, it will there be seen that an illus- 
trative embodiment of the invention is denoted as a whole 
by the reference numeral 10. 

[0027] The novel method incorporates an afterglow source and 
includes the steps of providing a silicon substrate 12 
through a loading port 11 and placing it within tube 14 in 
contact with furnace 16, and connected to pump 18. An 
oxidizing gas 1 is passed through an afterglow source or 



microwave cavity 22 so that gas 1 achieves an excited 
state of energy 24 or plasma phase, however, remaining 
electrically neutral. The electrically neutral excited gas 24 
then contacts substrate 12 within tube 14. Furnace 16 
maintains tube 14 at a temperature between SOOX to 
1200°C and pump 18 maintains said tube at a pressure 
less than 50 torr. 

[0028] Silicon carbide substrate 12 is supported within fused sil- 
ica tube 14, or any appropriate vessel such that ions, 
electrons, and photons are excluded from the thermal re- 
gion where the substrates are held. Silicon carbide sub- 
strate 12 or wafers may be oxidized or bare silicon car- 
bide, mounted on a holder that supports substrate 12. 
Substrate 12, which is preferably silicon carbide, is placed 
in tube 14 through load port 11. Furnace 16 surrounds 
the afterglow vessel which also passes through a mi- 
crowave glow discharge source of chemical species 30 
within tube 14. 

[0029] In this process where the gas species which are to be 

passed through the afterglow thermal reactor include, but 
are not limited to, (molecular oxygen), O (atomic oxy- 
gen), excited molecular (singlet delta g state), and ni- 
trogen oxides. The gas species in this application are oxi- 



dizers for the silicon carbide. The afterglow source which 
promotes the oxidizing gas to an excited state may be a 
microwave cavity such as the one depicted in Fig. 1. In its 
excited state, the oxidizing gas is in plasma form the 
neutral species of which, known as the afterglow, then 
continues or passes to the thermal or furnace region of 
the vessel where the silicon carbide substrate is placed. In 
the furnace region of the system, the oxidizing gas in its 
excited state, the afterglow species make contact with the 
silicon carbide substrate. 

[0030] For oxide formation an afterglow, or remote plasma, pro- 
cessing system is employed to facilitate the oxidation of 
SiC substrates. In the afterglow system, the energy to pro- 
duce reactive oxidants is provided by the electrons in a 
low plasma potential microwave discharge. The oxidants 
then travel to the hot zone of a vacuum furnace where 
they react with the silicon carbide crystals. 

[0031] As shown in Fig. 2, thin films 2 in are grown using only 
the materials of the single crystal substrates (silicon car- 
bide or silicon) and the chemical species created by the 
glow discharge source that flow into the heated zone of 
the vacuum furnace where the substrates are supported. A 
repeated thin film growth has been demonstrated at tern- 



peratures as low as 600°C on silicon carbide and silicon. In 
the afterglow chemical environment noted above, film 
thickness of 200A is obtained in 2 hours at SOCC and 1 
Torr total pressure. Silicon oxidized at the same time and 
temperature in the afterglow species chemistry for 
roughly 200A of film. The tube is maintained at a temper- 
ature between 600°C to 1,200°C by the furnace, and at a 
pressure less than 50 torr using the pump. 

[0032] The present method has also demonstrated the growth of 
oxide films on various polytype and doping types of SiC 
and on p-type (100) oriented silicon from 20A to near 
300A thick, grown in an oxidant flux generated by a re- 
mote plasma or afterglow source, at temperatures ranging 
from 400°C to 800°C, times from 30 to 120 minutes, and 
total system pressure near 1 Torr. 

[0033] The thermal oxidation of SiC in an afterglow, or remote 
plasma, processing system opens new pathways to ad- 
dress oxide growth rate and quality issues. In afterglow 
chemical processing, the generation of reactants is ac- 
complished by exciting precursor gases in a clean mi- 
crowave discharge. Charged species and light generated 
in this source are confined to the plasma source region 
while a high mass flux of reactants flow to the furnace re- 



gion of the apparatus where they may react with the sub- 
strates at a prescribed temperature as shown in Fig. 1. 
The afterglow gas chemistry used in this work was 0^ and 
10% volume flow of N O. Previous work has shown that in 

2 

its un-excited state at 1 Torr and 800°C this mixture pro- 
duces little if any oxide on SiC. The N^O is added to en- 
hance the production of ground state 0 and serves no 
other known purpose. The two principal oxidant species 

produced in this system are O and the singlet state of O^, 

1 * 
0^ (a Ag) also denoted . An estimate of the yield of 

each of these species varies from 10% to 20% in the flow 
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or ~10 (O atoms or (a Ag) molecules)/cm flowing to 
the furnace for reaction with the semiconductor sub- 
strates. Hence, the afterglow oxidation of silicon carbide 
by analogy to traditional oxidation of materials such as 

silicon is strictly a chemical process between the O and 0^ 

* 

and the silicon carbide substrate. The advantage here is 
the reaction enthalpy gained by generating these oxidants 
in the non-thermal manner of the plasma source. 
[0034] The excited state of is probably responsible for the en- 
hanced rate of reaction of this gas mixture in the case of 
SiC where carbon is present. However, the entire process 
may be due to O (atomic oxygen) alone. Therefore, the 



film growth rates observed for silicon carbide at a pres- 
sure of atmophere/1000 or 1 Torr (where 1 atmo- 
sphere=760 Torr) and at temperatures less than IjOOOX, 
actually 900^ down to GOO'C were unexpected and are 
likely due to the unique chemistry environment present. 
[0035] The present method uses an afterglow thermal reactor to 

form thin films of for example SiO on Silicon Carbide at 
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temperatures below 1200°C and at reduced pressure, i.e. 
1 Torr total pressure. Silicon Carbide would be expected 
to oxidize slower than silicon as it does in atmospheric 
processes. Yet in this afterglow chemistry (O^ or a mixture 
of and N^O, or any other oxidizing species) at temper- 
atures below 900°C and at total pressure near 1 Torr, SiC 
oxidizes at nearly the same rate as silicon in the same en- 
vironment. 

[0036] This provides a productive (faster) and less energy con- 
sumptive (lower temperature) process to form thin films 
of oxide on silicon carbide substrates. To date both n- 
and p-type SiC have been oxidized with polytypes 4H and 
6H. Such processing could be applied to passivation of SiC 
bulk materials such as tooling pieces, the formation of in- 
sulating layers to passivate surface electronic states in sil- 
icon carbide based electronic devices, the formation of 



gate insulator layers for metal oxide semiconductor field 
effect transistors (MOSFETs) using silicon carbide as the 
semiconducting substrate, and for the formation of sacri- 
ficial oxides to remove surface damage on silicon carbide 
semiconducting substrates. 
[0037] Prior experience of the inventor using a similar apparatus 
to remove polymeric photo-resists showed that there are 
three predominant species present in the afterglow of 
molecular oxygen. They are O^, atomic oxygen (O), and an 
excited state of known as singlet delta g. In photore- 
sist removal where the resist outer surface had been ren- 
dered "graphitic" by interaction with a dose of ions im- 
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planted at a dose level of 10 /cm a microwave gener- 
ated afterglow removed the polymer film in ~40 seconds 
at ZOO'C. Electron spin resonance gas species concentra- 
tion measurements of a flowing microwave afterglow gen- 
erated from showed that O was reduced when a poly- 
mer or graphite was placed between the source and the 
measurement apparatus and that the singlet delta g state 
of was reduced in density, only when graphite was in- 
serted between the source and the measurement instru- 
ment. 

[0038] It will thus be seen that the objects set forth above, and 



those made apparent from the foregoing description, are 
efficiently attained and since certain changes may be 
made in the above construction without departing from 
the scope of the invention, it is intended that all matters 
contained in the foregoing description or shown in the ac- 
companying drawings shall be interpreted as illustrative 
and not in a limiting sense. 
[0039] It is also to be understood that the following claims are 
intended to cover all of the generic and specific features 
of the invention herein described, and all statements of 
the scope of the invention which, as a matter of language, 
might be said to fall therebetween. Now that the invention 
has been described. 



